A synthetic receptor was designed in which cooperative binding of two crown ether moieties to an alkali metal ion simultaneously causes two hydrophobic substituents not involved in direct host-guest interactions to converge. Hydrophobic interactions between these substituents can be expected to contribute to the overall complex stability. Independent binding studies involving two diastereoisomers of this bis(crown ether), one in which intra-receptor interactions between the substituents are potentially possible and one in which they are not, using isothermal titration calorimetry showed that both isomers bind potassium ions in different solvent mixtures with the same overall affinity. Profound differences were observed for each isomer, however, in the enthalpies and entropies of binding, which are consistent with intra-receptor interactions in one compound. These interactions are counteracted by enthalpy-entropy compensation so that no overall improvement in cation affinity could be observed.
Considering the extensive knowledge presently available about noncovalent interactions [1] synthetic receptors can very often be designed with relatively good fidelity and predictable binding properties [2] . However, efficacy of even the best synthetic receptors generally falls behind that of natural systems by several orders of magnitude [3] . While improvement of the binding properties of synthetic receptors generally focuses on direct interactions between the binding partners, investigations by Williams et al. have shown that these direct interactions are not necessarily the sole reason for the high stability of protein/substrate complexes [4] . Additional contributions to the overall complex stability can come from interactions deep within the protein that are reinforced upon substrate binding. Otto has suggested using the term intra-receptor interactions for analogous factors contributing to the stability of synthetic receptors [5] .
So far, there are only few examples of synthetic receptors in which intra-receptor interactions have been identified [6] [7] [8] [9] although the number of systems whose stability could benefit from intra-receptor interactions is probably larger. Rebek's self-assembled capsules [10] , the coordination grid described by Nitschke [11] , and the cavitand-derived capsules introduced by Gibb [12] are potential examples. Undoubtedly, a detailed understanding of how and to what extent intra-receptor interactions can improve binding of a synthetic receptor is now required to establish the concept of intrareceptor interactions as a general tool in receptor design. In this communication we report on first investigations carried out in this context in our group, aiming at engineering intra-receptor interactions into a new type of bis(crown ethers).
Bis(crown ethers) are known to bind alkali metal ions by sandwiching the ion between the two crown ether rings [13] . The subunits of a bis(crown ether) therefore have to approach each other to allow for cooperative interactions with the substrate. If the underlying conformational reorganization causes two other groups in the receptor not involved in direct interactions with the substrate to be oriented in close proximity, intramolecular interactions between these groups can contribute to complex stability. In an approach to realize this concept, we designed bis(crown ether) meso-1 (Figure 1 ), in which two crown ether rings and two substituents R are conformationally coupled via a 1,3-disubstituted aromatic linker.
To obtain information about potential structures of the potassium complex of meso-1 a conformational search was performed for a derivative with R = cyclohexyl [14] . All conformations thus calculated feature the predicted converging arrangement of the crown ether moieties induced by their simultaneous interactions with the cation. Of the 20 most stable conformers lying within an energy window of 13 kJ mol -1 above the global minimum, 8 structures, including the most stable one, which is depicted in Figure 2a , have the cyclohexyl groups arranged in close proximity. In the other 12 conformers, different torsion angles along the ester moieties cause the substituents to be oriented at a larger distance. For comparison, Figure 2b shows a conformation of the potassium complex of a diastereoisomer of the same bis(crown ether) with identical configurations at both stereogenic centers to show how important the correct mutual arrangement of the substituents in these bis(crown ethers) is for them to make contact.
These calculations thus indicated that the two substituents R in meso-1 should be able to approach each other upon potassium binding and not in the diastereomer rac-1. With regard to the overall concept of this work, derivatives of 1 have the additional advantage that the substituents can be varied in a wide range allowing characterization of different types of potential intrareceptor interactions on the overall binding event.
A synthesis for a precursor of meso-1 was therefore developed, which allows introduction of appropriate substituents in the last step. The corresponding diol 2 ( Figure 1 ) was prepared as shown in Scheme 1. Starting from commercially available 4'-bromobenzo-15-crown-5, lithiation with sec-butyl lithium and subsequent treatment with isophthalaldehyde yielded a mixture of all stereoisomers of 2, along with hydroxyketone 3 as a byproduct. Compound 3 could be converted into 2 by treatment with NaBH 4 , affording bis(crown ether) 2 in a satisfactory overall yield of 50%. NMR spectroscopy did not allow determination of the ratio of meso-2 and rac-2 in the product mixture thus obtained because both diastereoisomers give rise to indistinguishable NMR spectra, even in the presence of salts such as KBr whose cation can bind to these bis(crown ethers) [15] . HPLC, on the other hand, allowed determination of the diastereomeric ratio provided that the mobile phase contains KBr [see ESI]. We assume that potassium complexation in the mobile phase causes a conformational rigidification of the different diastereoisomers of 2, which in turn allows structural differences to translate into different retention times. According to analytical HPLC, the obtained product mixture contains both diastereoisomers, meso-2 and rac-2, in almost equal amounts.
Unfortunately, chromatographic separation under similar conditions did not allow isolation of the individual diastereoisomers of 2 on a preparative scale. Attempts to separate them either by crystallization or by using chiral HPLC columns also failed. Therefore, further chemical derivatization was required to separate meso-2 from rac-2. We thus converted 2 into the (1S)-(-)camphanic acid diester 4 by condensation with the corresponding acid chloride (Scheme 2). Introducing of the chiral substituents transferred meso-2 into a single chiral diastereoisomer ("meso"-4) and rac-2 into a mixture of diastereoisomers ("rac"-4) [16] . Not only could these compounds be separated on a preparative scale by using semi-preparative HPLC, this method also allowed unambiguous assignment of the relative configurations since "meso"-4 appeared as a single peak in the chromatogram whereas the peak of "rac"-4 was broad and split [see ESI]. With "meso"-4 and "rac"-4 in hand we were able to perform first binding studies. According to our design principle, we expected the substituents in "meso"-4 to mediate hydrophobic interactions in protic media, whereas no such interactions should be possible in "rac"-4.
Affinity of "meso"-4 and "rac"-4 to potassium ions was quantified independently by using isothermal titration calorimetry (ITC). This method directly measures the heat released or consumed during complex formation. The resulting binding curves therefore allow evaluation of complex stability (K a or ΔG), as well as binding enthalpy (ΔH) at a defined temperature. Since knowledge of ΔG and ΔH allows one to also calculate ΔS, a single ITC measurement provides information about the full thermodynamic signature of complex formation [17] .
Potential hydrophobic interactions between the camphanic acid substituents in "meso"-4 can be expected to be particularly strong in the aqueous environment while their contribution to binding in organic solvents should be negligible. Conversely, direct crown ether-potassium interactions should become the stronger the less polar the solvent is. To obtain information about these opposing effects we studied the solvent dependency of potassium binding to "meso"-4 and "rac"-4 in water/methanol mixtures of different composition. Unfortunately, a strong decrease in complex stability with increasing water content of the solvent prevented reliable measurements in mixtures containing less than 70% of methanol. In all titrations, the inflection points of the binding isotherms close to a host/guest ratio of 1 indicated a complex stoichiometry of 1:1. The
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Natural Product Communications Vol. 7 (3) 2012 339 results of these measurements are summarized in Table 1 and Figure 3 . Table 1 shows that complex stability decreases with increasing water content of the solvent. However, in each solvent mixture used, "meso"-4 and "rac"-4 have practically the same affinity for K + . The relative arrangement of the two camphanic acid residues in "meso"-4 therefore do not cause an improvement in binding with respect to the corresponding "rac"-diastereoisomer. Figure 3 , however, shows that there are profound differences in the enthalpic and entropic contributions to complex formation for both compounds. Potassium complexation of both diastereoisomers of 4 is exothermic and counteracted by an unfavorable binding entropy. While the absolute value of the enthalpy of potassium complexation of "rac"-4 is almost independent of the solvent mixture, that of "meso"-4 becomes significantly smaller as the water content of the solvent rises (Figure 3, top) . Conversely, the unfavorable contribution of binding entropy decreases with increasing water content for "meso"-4, while that of "rac"-4 increases (Figure 3, bottom) . These differences in the thermodynamics of potassium complexation not only demonstrate that the spatial arrangement of the camphanoyl groups characteristically influence the thermodynamics of binding, the decrease in the unfavorable entropic contribution to binding observed for "meso"-4 with increasing water content, which is not observed for "rac"-4, is also consistent with hydrophobic interactions between the substituents that become increasingly important in mixtures containing more water. Unfortunately, this effect does not translate into differences in the overall binding affinities because the change in binding entropy associated with complex formation of "meso"-4 in solvents with higher water content is counteracted by the increasingly unfavorable enthalpic term.
Thus, although "meso"-4 does provide indications for a contribution of intra-receptor interactions in complex formation, this contribution is only visible upon independent inspection of binding enthalpy and entropy. In addition, the results currently available do not allow the separation of potential effects of intra-receptor interactions on binding from other influences, such as solvation.
Additional derivatives of 1 are, therefore, required to systematically compare the effects of other substituents, also ones interacting, for example, through either hydrogen-bonding or other types of noncovalent interactions. Unfortunately, it turned out that hydrolysis of the camphanic acid esters in "meso"-4 is accompanied by substantial epimerization at the stereogenic centers, even under mild conditions. Thus, diastereomerically pure meso-2 from which further model receptors could be synthesized is synthetically difficult to access. Future work must therefore address the structural optimization of this receptor.
Concluding, these investigations provide promising indications that appropriate bis(crown ethers) can be used as model receptors to quantify the effects of intra-receptor interactions on binding affinity. Future work will address the structural optimization of 1 with the important goal to overcome the detrimental effects of enthalpy-entropy compensation observed for "meso"-4 in the solvent-dependent binding studies. Compounds: 4'-Bromobenzo-15-crown-5 and isophthalaldehyde were purchased from Acros Organics and (1S)-(-)-camphanic chloride from Sigma-Aldrich. All compounds were used as received. Solvents were dried using standard procedures. The following abbreviations are used for the 1 H NMR assignment: cam, camphanoyl; cro, crown ether; ar, aryl.
Synthesis of 2:
4'-Bromobenzo-15-crown-5 (500 mg, 1.44 mmol) was dissolved in dry THF (10 mL) at -90°C under an argon atmosphere. sec-Butyllithium (1.3 M solution in cyclohexane, 1.14 mL, 1.48 mmol) was added dropwise, and the mixture stirred for an additional 20 min in the cold. Isophthalaldehyde (97.0 mg, 724 μmol) dissolved in dry THF (10 mL) was added slowly at -90°C, and the resulting mixture was stirred for 12 h while slowly allowing it to reach 25°C. Water (10 mL) was added and the solvent was removed in vacuo. The residue was redissolved in ethanol (5 mL), NaBH 4 (13.7 mg, 3.62 mmol) was added, and the resulting mixture was stirred for 30 min at 70°C. The solvent was concentrated in vacuo, and the crude product purified on a RP-8 column. For this, it was dissolved in a small amount of acetone/H 2 O 1:1 (v/v) and
subjected to a column pre-conditioned with acetone/H 2 O 1:10 (v/v). The eluent composition was gradually changed until pure product eluted (acetone/water, 1:1, v/v). The product fractions were pooled, and the solvent removed in vacuo. 
HPLC separation of "rac"-4 and "meso"-4:
Separation of "rac"-4 and "meso"-4 was performed on an Ultimate 3000 HPLC system from Dionex using a semi-preparative BetaBasic-18 column from Thermo Scientific (250-21.2 mm, particle size 5 μm). Compound 4 (80 mg) was dissolved in acetonitrile (4 mL) and subjected in portions of 250 μL to the column. A gradient was used for the separation with a flow of 5 mL/min starting from 80% water/20% isopropanol (v/v), first increasing the isopropanol content to 30% in 10 min, and then to 37% in 40 min. The diastereoisomer "rac"-4 eluted between 40 and 44 min, and "meso"-4 between 44 and 47 min (UV detection at 225 nm). The collected products were extracted with dichloromethane and solvent was removed in vacuo. 
ITC titrations:
ITC titrations were carried out in mixtures of methanol and water by using a VP-ITC instrument (MicroCal). The different salts and receptors were weighed using an analytical precision balance and dissolved in a known volume of solvent or mixture of solvents and loaded into the system for immediate analysis. Solutions involved in the same titration experiment were made up from the same batch of solvent. The pH of the aqueous solvent mixtures amounted to 6.7. No substantial change in pH was observed during the course of the titration. The standard ITC experiment involved titration of a solution of KBr (8 mM) into a solution of the receptor (0.4 mM) at 25°C. For this, the salt solution was added in 30 injections of 8 μL, separated by an interval of 180 s between injections, with the exception of the first addition, which was 2 μL. The peak produced by this injection was discarded during data processing. Binding constants and enthalpies of binding were obtained by fitting the titration data to the one-site binding model using the software provided by the instrument manufacturer. All results are averages of at least 3 measurements.
Supplementary data: NMR spectroscopic and mass spectrometric analyses of 2, "meso"-4, and "rac"-4, HPLC traces of the chromatographic separation of "meso"-4 and "rac"-4, and results of selected ITC titrations.
